We have previously demonstrated that efficient replication of mutant herpes simplex virus which fails to synthesize the polypeptide ICP34.5 is cell type and cell state dependent. ICP34.5 negative viruses do not grow in stationary state mouse embryo fibroblast 3T6 cells whereas the growth kinetics in BHK cells are indistinguishable from those of wild-type. We now demonstrate that this defect is not due to an inability of mutant virus to adsorb to 3T6 cells but rather to an inability to spread from the initially infected cells. Electron microscopic studies with wild-type HSV in both BHK and 3T6 cells revealed virus particles equally distributed between nucleus and cytoplasm, and additionally in the extracellular matrix. In BHK cells infected with the ICP34.5 negative mutant 1716, virus is likewise distributed between nucleus and cytoplasm but in 50 % of the infected cells there is marked delamination and swelling of the nuclear membrane. In addition there is evidence of a significant number of particles trapped between the nuclear lamellae. When 1716 is used to infect 3T6 cells, over 90% of the virus particles are confined to the nuclei and the number of infected cells remains constant between 24 and 48 h with no increase in the proportion of extracellular virus. Failure to express ICP34.5 appears therefore to result in a defect in virus maturation and egress from the nuclei of infected cells. Egress of HSV from the nuclei to the extracellular space is thought to occur via two pathways. We postulate that lack of expression of ICP34.5 results in one of these pathways being blocked. In BHK cells this leads to overloading of the alternative pathway with a buildup of particles in the nuclear lamellae and associated endoplasmic reticulum. In stationary state 3T6 cells, it appears that there is no functional alternative pathway. We conclude that ICP34.5 exerts an effect on HSV maturation by controlling the passage of virus through infected cells.
ICP34.5 influences herpes simplex virus type 1 maturation and egress from infected cells in vitro
We have previously demonstrated that efficient replication of mutant herpes simplex virus which fails to synthesize the polypeptide ICP34.5 is cell type and cell state dependent. ICP34.5 negative viruses do not grow in stationary state mouse embryo fibroblast 3T6 cells whereas the growth kinetics in BHK cells are indistinguishable from those of wild-type. We now demonstrate that this defect is not due to an inability of mutant virus to adsorb to 3T6 cells but rather to an inability to spread from the initially infected cells. Electron microscopic studies with wild-type HSV in both BHK and 3T6 cells revealed virus particles equally distributed between nucleus and cytoplasm, and additionally in the extracellular matrix. In BHK cells infected with the ICP34.5 negative mutant 1716, virus is likewise distributed between nucleus and cytoplasm but in 50 % of the infected cells there is marked delamination and swelling of the nuclear membrane. In addition there is evidence of a significant number of particles trapped between the nuclear lamellae. When 1716 is used to infect 3T6 cells, over 90% of the virus particles are confined to the nuclei and the number of infected cells remains constant between 24 and 48 h with no increase in the proportion of extracellular virus. Failure to express ICP34.5 appears therefore to result in a defect in virus maturation and egress from the nuclei of infected cells. Egress of HSV from the nuclei to the extracellular space is thought to occur via two pathways. We postulate that lack of expression of ICP34.5 results in one of these pathways being blocked. In BHK cells this leads to overloading of the alternative pathway with a buildup of particles in the nuclear lamellae and associated endoplasmic reticulum. In stationary state 3T6 cells, it appears that there is no functional alternative pathway. We conclude that ICP34.5 exerts an effect on HSV maturation by controlling the passage of virus through infected cells.
The RL1 gene of herpes simplex virus (HSV) encodes a protein, ICP34.5 (Ackermann et al., 1986; Dolan et al., 1992) which confers neurovirulence. Mutants which fail to express ICP34.5 are incapable of causing encephalitis and destroying central nervous system neurons following intracerebral inoculation of mice (Taha et al., 1989a, b; MacLean et al., 1991) . Lack of ICP34.5 expression does not impair virus replication in laboratory tissue culture cells [BHK-21 (C13)] or in mouse peripheral skin tissue in vivo. In addition, RL1 negative mutants are capable of entering peripheral nervous system neurons and, although replication is precluded, a latent infection is established from which mutant virus may be reactivated (Robertson et al., 1992) . In an attempt to understand the role of the protein, we have recently developed tissue culture systems in which the phenotype of RL1 negative virus in vivo is mimicked in vitro . Mouse embryo fibroblast 3T6 cells when growing exponentially are fully permissive for wild-type HSV and semi-permissive for RL1 negative virus. However, when 3T6 cells are in a stationary state they no longer support the growth of mutant virus while still allowing normal wild-type virus replication. It was concluded that the cell state in terms of metabolism/stage in the cell cycle of 3T6 cells is vital in determining permissivity for RL1 negative virus. We postulated that exponentially growing 3T6 cells express a protein which can partially compensate for ICP34.5 to allow mutant virus replication. Depletion or lack of expression of this protein in stationary cells consequently results in an inability to support a lyric infection.
Immunofluorescence studies demonstrated that with RL1 negative virus at a low m.o.i., only a very small proportion of stationary state 3T6 cells were virus antigen positive with no increase with time. This may merely reflect that not every cell is resting or alternatively that virus replication is confined to the cells first infected. A defect in virus maturation could result in depletion of virus capable of infecting surrounding cells due to inefficient production/release of virus or to released virus being impaired in its ability to reinfect.
To understand the specific defect which results in stationary 3T6 cells being non-permissive for RL1 0001-2663 © 1994 SGM (Brown et al., 1973) . The plaque size of 1716 is slightly smaller but with the same morphology. In 3T6 cells, 17 + produces plaques of characteristic morphology and average size while 1716 produces very small abortive plaques which fail to spread and regress with time. This difference has provided a selection system for putative RL1 mutants . When wild-type virus and 1716 are grown in BHK cells, the titres reached are comparable with similar particle:p.f.u, ratios (Table 1 a) . When BHK grown virus is subsequently regrown in stationary 3T6 cells, the yield of 17 + is two-to tenfold lower than in BHK cells with a particle:p.f.u, ratio of 91:1 while that of 1716 is 3406:1 (Table 1 b ). There is, however, only a twofold decrease in the number of particles produced by 1716 compared to 17 + in 3T6 cells. These results demonstrate that although in 3T6 cells infected with 1716 the number of particles produced is similar to that with the wild-type, only a very small proportion are infectious, viz. 0.03 % compared to 1% for 17 + and 3% and 2% for BHK grown 17 + and 1716 respectively. The analysed virus preparations contained both spontaneously released virus and virus released from infected cells by sonication. There is not enough mutant virus released spontaneously from 3T6 cells to analyse separately. In determining the ability of 1716 to be released from 3T6 cells and to undergo further rounds of replication, we previously showed that after infecting at an m.o.i, of 0.01 p.f.u./cell, 1716 achieved a 50-fold increase in titre compared to a 5 x 105-fold increase for 17 + between 6 and 48 h post infection . This implied that progeny virus from infected cells was inefficient in initiating second and third rounds of replication. The efficiency of adsorption of both BHK and 3T6 grown virus onto BHK and 3T6 cells was determined and found to be virtually the same for 17 + and 1716, irrespective of the cell source of the infecting inoculum (data not shown). Lack of expression of ICP34.5 does not therefore It was decided to analyse by electron microscopy the interaction of mutant virus with both confluent 3T6 cells and BHK cells. Confluent BHK and 3T6 cells were separately infected with both 17 + and 1716 at an m.o.i, of 5 p.f.u./cell and incubated at 37 °C for various times, before harvesting and preparing for thin section electron microscopy by pelleting at low speed and fixing in 2-5 % gluteraldehyde in PBS. The structural appearance of the cells was examined and the number of virus particles in the various cellular compartments and in the extracellular spaces was assessed. Forty or more infected cell nuclei from non-serial sections were examined. The results from the 24 h samples are shown in Table 2 . Approximately 50 % of BHK cells appeared infected irrespective of whether the virus was 17 + or 1716. Although the number of intracellular virus particles (1166) was higher in the 17 + compared to the 1716 (891) infected cells, the percentage of particles in the nucleus and in the cytoplasm was approximately the same irrespective of the infecting virus. An apparent difference was the appreciably higher proportion of 17 + infected lysed cells, possibly indicating that the 17" infection was further advanced. Particularly noticeable in the 1716 infected cells was the extent of the delaminated nuclear membrane in which the two layers of the nuclear membrane were widely separated, with concentrations of particles both at the boundary of the nuclei and trapped between the separated nuclear lamellae.
Only about a third of the 3T6 cells showed evidence of infection, although there was no difference between 17 + and 1716. However, within the 1716 infected 3T6 cells, the number of intracellular virus particles was twofold greater than in 17 + infected cells (398 compared to 163). In wild-type infected cells the particles were almost equally distributed between the nucleus (55 %) and the cytoplasm (45%). In 1716 infected cells the particles were concentrated in the nuclei (92 %) with very few in the cytoplasm (8 %). Some cells contained large numbers of aggregated particles and others small numbers, in each case confined to the nuclei.
It would appear therefore that the inefficient replication of 1716 in confluent 3T6 cells is not a result of a failure to adsorb to or penetrate cells but is probably due to inefficient release of virus from infected cells. Although the number of particles (which includes capsids) made in 3T6 cells by 17 + is only twofold greater than that made by 1716, the proportion which are infectious is markedly reduced in the 1716 infections -1 in 3406 compared to 1 in 91 for 17 + (Table 1 ). The electron microscopy results indicate that with 1716 in stationary 3T6 cells there is a block in virus maturation. Virus particles are sequestered within the nuclei of cells and are unable to complete a full replicative cycle to efficiently produce and release infectious virus. This results in a paucity of virus which is able to infect surrounding cells.
To determine the validity of these conclusions, cells which had been separately infected for 48 h with 17 + and 1716 were examined by electron microscopy. It would be predicted that with 1716 infected 3T6 cells the pattern would be similar to the 24 h samples with no appreciable increase in the number of infected cells and a concentration of virus particles in the nuclei. The results are shown in Table 3 . The pattern with 17 + infected BHK cells was difficult to quantify as a high proportion of the cells were lysed (> 90 %), not surprising by 48 h postinfection after an initial infecting m.o.i, of 5 p.f.u./cell. In the few intact cells in which virus was present, the particles were in the cytoplasm with concentrations in cytoplasmic vacuoles (Fig. 1 a) . With 1716 infected BHK cells there was an increase in the percentage of infected cells but the distribution of nuclear and cytoplasmic virus was not significantly different from the 24 h samples. The extent of cell lysis was not as marked as in the 17 + infection which could indicate that the mutant growth is slower, a finding not borne out in growth cycle experiments . However, a striking feature was the very high proportion of cells (> 50 %) in which there was extensive separation of the two layers of the nuclear membrane with virus concentrated at the boundaries of the nuclei and trapped between the nuclear lamellae (Fig. lb, c) . The equivalent 24 h samples had shown delamination of the nuclear membrane in 12.5 % of the cells, demonstrating that this phenomenon had increased with time. By 48 h, there was an increase in the percentage of 17 + infected 3T6 cells but the appearance was not dissimilar to the 24 h samples in that the virus was equally distributed between the nucleus and the cytoplasm and a comparable proportion of the cells had lysed (Fig. 2a) . With the 1716 infected 3T6 cells, virus particles were seen in 35 %, most of which were confined to the nuclei (97%) with no signs of progression of infection (Fig. 2b, c, d ). It appears therefore that when 1716 infects stationary 3T6 cells, not only are there fewer virus particles made but the majority of those which are made fail to emerge from nuclei and mature. Of the 17 + infected 3T6 cells, 5 % had closely associated extracellular virus at 12 h post-infection with an increase to 72% by 48 h post-infection. Of the 1716 infected 3T6 cells, 7.5% showed extracellular virus by 12 h postinfection but by 48 h the value was 6"6%. Hence the infectious cycle is not completed and progeny virus is for the most part not produced.
The processes involved in virus capsids leaving the nucleus, gaining tegument and eventually exiting from infected cells are poorly understood. There is general agreement that the first stage involves capsids budding through the inner nuclear membrane. Two routes of passage from the perinuclear cisternae have been postulated and it has been suggested that the use of both or either of these pathways may be dependent on the virus and the cell type. In the first, the virus envelope derived from the inner nuclear membrane fuses with the outer nuclear membrane or with the endoplasmic reticulum, releasing naked capsids into the cytoplasm to be reenveloped either by budding into the Golgi apparatus or cytoplasmic vacuoles possibly derived from post-Golgi transport vesicles. In the second, the envelope gained at the inner nuclear membrane is retained and virions leave the perinuclear cisternae in a vacuole formed from the outer nuclear membrane. The Golgi complex is thought to have an involvement in both processes with mature virions finally leaving the cell by exocytosis from Golgi derived vesicles (Dargan, 1986; Rixon, 1993) .
In 1716 infected BHK cells, there is a twofold reduction in the number of particles made compared to wild-type virus. The mutant virus, however, causes less cell lysis and virus is equally distributed between nucleus Short communication Fig. 1 (a, b) . For legend see opposite. and the cytoplasm. The proportion of infectious virus is not significantly different from wild-type. The most apparent difference in the appearance of 1716 infected BHK cells is that approximately 50 % of the cells show marked delamination and swelling of the nuclear membrane with sequestration of virus particles between the lamellae. The pattern of infection and the appearance in the electron microscope of the wild-type infected 3T6 cells are not substantially different to those seen in BHK cells. In the 1716 infected 3T6 cells there is a 40-fold increase in the particle:p.f.u, ratio and most virus is confined to the nucleus.
The following explanations are put forward to explain these findings. In BHK cells both pathways for the maturation and egress of virus from the nuclei of infected cells are functional. In the 1716 infected BHK cells, one of these pathways is blocked and the alternative is used almost exclusively. As the infectivity and pattern of infection of mutant virus are not significantly different from those of wild-type, the alternative pathway must be able to compensate for the other being blocked. Use of only the alternative pathway must also result in less cellular lysis and destruction. The trapping of virus between the nuclear lamellae could result from overloading of the alternative pathway. It may, however, merely reflect a normal event which is infrequently observed because it is not the preferred pathway of virus maturation in BHK cells. An alternative explanation is showing marked delamination of the nuclear membranes ( f ) and concentrations of virus particles within the nucleus adjacent to the nuclear membrane (r"l). There is also evidence of virus particle trapped within the nuclear lamellae (A) and individual particles in the nucleus ( t )" (d) Cell infected with 1716 in which there are very few particles confined to the nucleus ( t ). Bars, 1 p.m.
that virus t r a p p i n g between the nuclear m e m b r a n e s is the final stage in the blocking of the p r i m a r y pathway. Results with 1716 infected 3T6 cells tend to discount this possibility. W e postulate that in stationary 3T6 cells there is effectively only one p a t h w a y o f egress and m a t u r a t i o n for HSV. In the 1716 infected cells this p a t h w a y is blocked and hence for the m o s t p a r t virus is confined to the nuclei. There was no evidence of reduplication of m e m b r a n e or t r a p p i n g of virus between the nuclear lamellae. Therefore, unless lack o f ICP34.5 expression results in two unrelated effects in the different cell types, the trapping of particles in BHK cells is unlikely to be the end stage in the blocking of the primary pathway. We conclude that lack of expression of ICP34.5 has the same primary effect of interfering with virus maturation but BHK cells have the capacity to overcome the defect. There are a number of possible explanations for the role of ICP34.5 in virus maturation. (1) ICP34.5 is associated with the nuclear membrane resulting in alteration of the composition of the membrane to make it suitable for use as virus envelope. (2) ICP34.5 interacts with the Golgi apparatus and is required to direct a feedback mechanism to the nuclear membrane to allow passage of particles through the endoplasmic reticulum. At present the available antibodies for ICP34.5 are not good enough to allow co-localization experiments to be carried out. (3) ICP34.5 is a component of the virus particle/tegument which is required as a signal to direct egress from the nucleus. In each of these alternatives ICP34.5 could either act alone or in conjunction with other viral or cellular proteins. Presumably in stationary 3T6 cells which are not dividing the fluidity of the nuclear membrane is altered making it a more inflexible structure. Whether BHK cells are growing exponentially or are stationary does not alter the phenotype of 1716. Experiments are in progress to determine whether virus is sequestered in the undividing neuronal body in mature neurons in vivo.
